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Abstract. This survey offers an introductory tutorial for students of any age of the currently thriving
field of hadrochemistry. We discuss the different chemical potentials, how the hadronic phase space
is described and how one evaluates the abundance of hadrons at time of hadronization. We show
that a rather accurate description of experimental data arises and we present results of fits to hadron
yields at SPS and RHIC. We show that introduction of chemical non-equilibrium originating in
a sudden hadronization of a QGP is favored strongly at SPS and is presently also emerging at
RHIC. The low chemical freeze-out temperatures are consistent with the picture of single freeze-
out scenario (chemical and thermal freeze-out coincide).
1. THERMAL EQUILIBRIUM
Hadronic interactions are strong, collisions are frequent, and along with Hagedorn
[1, 2, 3], we expect formation of statistical equilibrium conditions. The formation of
a space–time-localized fireball of dense matter is the key physical process occurring
in high energy nuclear collisions. This said, the question is how such a fireball can
possibly arise from a rather short sequence of individual reactions that occur when two,
rather small, gas clouds of partons, clustered in nucleons, bound in the nucleus, collide?
Indeed, at first sight, one would be led to believe that the small clouds comprising point-
like objects would mutually disperse in the collision, and no localized, dense state of
hadronic matter should be formed. It was suggested in some early work, that the two
colliding ‘eggs’ should emerge from the high-energy interaction slightly ‘warmed’, but
still largely ‘unbroken’. In past few years some of our colleagues have made these eggs
not only hot but also scrambled: they believe that somehow this hadronic fireball also
develops a high degree of not only (kinetic) thermal, but also chemical equilibration.
What does this mean precisely, and can this be true, is what we are going to study in
depth here.
Two remarkable properties of hadronic interactions are responsible for deeply inelas-
tic behavior, which could lead to localization of energy in space–time:
• the multiparticle production in hadron–hadron collisions; and
• the effective size of all hadrons expressed in term of their reaction cross sections.
What appears to be a thin system of point-like constituents is effectively already
a volume-filling nucleon liquid, which will undergo, in a collision, a rapid self-
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multiplication with particle density rising and individual scattering times becoming
progressively much shorter than the overall collision time. In historical context, the
abundant particle production seen in high energy cosmic ray interactions, has lead Fermi
to propose the statistical model of particle production [4]. Our present developments are
a natural elaboration of this seminal work, toward a diversified field of many flavored
hadron yields, allowing a precision level that a one parameter Fermi-model could
of course not reach. Our objective is to account for rapid chemical non-equilibrium
dynamics related to formation and sudden disintegration of a new phase of matter.
As the energy available in the collision is increased, the hadron particle/energy density
will reach values at which the dissolution of the hadronic constituents into a common
deconfined domain will become possible, and indeed must occur according to our
knowledge about strong interactions. We do not really know whether deconfinement
of hadrons is operating already at AGS energies [5], but there is today no experimental
evidence that this low energy range suffices. In contradistinction, a significant number of
results obtained at the top SPS energy range can be most naturally interpreted in terms
of the formation of a deconfined space–time domain, and this becomes a much more
convincing situation once RHIC results are considered. We note that, per participant,
there are as many as 7–10 further hadrons produced at SPS energies. This implies that
there are thousands of quarks and gluons in the space–time domain of interest, and hence
consideration of a ‘local’ (in space–time) equilibrium makes good sense. However, we
need to establish which equilibrium is reached, and if not fully, how close are we, and
what the deviations from equilibrium tell us about the physics questions we are studying.
In order to establish locally in space and time thermal equilibrium, a rapid equiparti-
tion of energy among the different particles present has to occur. Thermal equilibrium
can be achieved in principle solely by elastic scattering. Introduction of a (local) temper-
ature T presupposes that thermal equilibrium has nearly been established. What is the
mechanism for the establishment of kinetic momentum distribution equilibrium? The
thermalization of the momentum distributions is driven by all scattering processes, elas-
tic as well as inelastic, because all of them are associated with exchange of momentum
and energy between particles. The scattering time, for particles of species i, is given in
terms of the reaction cross section σi j with particle species j,
τi,scatt =
1
∑ j〈σi jvi j〉ρ j
. (1)
The sum in the denominator is over all available particle species with densities ρ j, vi j are
the relative velocities, and the average is to be taken over the momentum distributions
of the particle considered.
It is not hard to ‘guesstimate’ the time scale governing the kinetic equilibration in
the QGP. The typical particle-collision time (the inverse of the collision frequency) is
obtained from Eq. (1) above. Given the particle densities and soft reaction cross sections,
with the relative velocity of these essentially massless components being the velocity of
light c, we find for the quark–gluon plasma scattering time,
τQGPi = 0.2–2fm, with ρi = 2–10fm
−3, σi = 2–5mb, (2)
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as a range for different particles of type i, with the shorter time applying to the early
high-density stage. This is about an order of magnitude shorter than the time scale for
evolution of the fireball, which is derived from the spatial size of the colliding system:
for the largest nuclei, in particular the Pb–Pb or Au–Au collisions, over a wide range of
energy, we expect
τexp ≃ RA
c
≃ 5–8fm/c. (3)
The achievement of kinetic equilibrium must be visible in the thermal energy spectra,
and this behavior, as we argued above, can be understood in qualitative terms using
kinetic scattering theory for the case of nuclear collisions. However, it remains to date
a mystery why in some important aspects thermal models succeed for the case of p–p
reactions. In particular, the exponential fall off of particle spectra, suggesting thermal
equilibrium, has been noted with trepidation for a considerable time.
Hagedorn evaluated this behavior in the experimental data some 35 years ago [1, 2, 3]
and he developed the statistical bootstrap model which assumes a statistical phase-space
distribution. Hagedorn called it preestablished or preformed equilibrium: particles are
produced in an elementary interaction with a probability characterized by a universal
temperature. We can today only speculate about the physical mechanisms.
In strong interaction physics it is possible that vacuum fluctuations interfere with
particle production processes and could generate a preestablished thermal equilibrium
distribution. In this case very little additional rescattering is needed for the development
of thermal equilibrium. A possible mechanism is that the production of quark pairs by
snapping strings is subject to a stochastic vacuum fluctuation force [6], which results in
natural Boltzmann distribution of produced quark pairs at just the Hagedorn temperature,
TH = 160 MeV. Another informally discussed possibility is the presence of intrinsic
chaotic dynamics capable of rapidly establishing kinetic equilibrium.
Sometimes, the fact that we do not fully understand thermalization in the p–p case
is raised as an argument against the possibility of conventional equilibration in nuclear
collisions. We do not think so. In fact, if the p–p case leads to thermal hadrons, we
should have a yet better thermalization in the A–A case. Thus, a microscopic model that
is adopted to extrapolate from p–p to A–A collisions should incorporate the concept
of the hadronic preestablished thermal equilibrium, else it is not going to be fully
successful.
The following stages are today believed to occur in heavy-ion collision:
1. The initial quantum stage.
The formation of a thermalized state within τth is most difficult to understand, and
is subject to intense current theoretical investigation. During the pre-thermal time,
0≤ t < τth, the properties of the collision system require the study both of quantum
transport and of decoherence phenomena, a subject reaching far beyond the scope
of this article. In this discussion, we assume that the thermal shape of a (quark,
gluon) particle-momentum distribution is reached instantaneously compared with
the time scales for chemical equilibration, see section 2. This allows us to sidestep
questions regarding the dynamics occurring in the first moments of the heavy-ion
interactions, and we explore primarily what happens after a time τ0 ≡ τth ≃ 0.25–
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1 fm/c. The value of τ0 decreases as the density of the pre-thermal initial state
increases, e.g., as the collision energy increases.
2. The subsequent chemical equilibration time.
During the inter-penetration of the projectile and the target lasting no less than∼1.5
fm/c, diverse particle-production reactions occur, allowing the approach to chemi-
cal equilibrium by light non-strange quarks q = u, d. As the energy is redistributed
among an increasing number of accessed degrees of freedom, the temperature drops
rapidly.
3. The strangeness chemical equilibration.
A third time period, lasting up to ≃5 fm/c, during which the production and chem-
ical equilibration of strange quarks takes place. There is a reduction of temperature
now mainly due to the expansion flow, though the excitation of the strange quark
degree of freedom also introduces a non-negligible cooling effect.
4. The hadronization/freeze-out.
The fireball of dense matter expands and decomposes into the final state hadrons,
possibly in an (explosive) process that does not allow re-equilibration of the final-
state particles. The dynamics is strongly dependent on the size of the initial state
and on the nature of the equations of state.
Throughout these stages, a local thermal equilibrium is rapidly established and, as noted,
the local temperature evolves in time to accommodate change in the internal structure
and size, as is appropriate for an isolated physical system. We have a temperature that
passes through the following nearly separable series of stages:
Tth the temperature associated with the initial thermal equilibrium,↓ evolution dominated mainly by production of q and q¯;
Tch chemical equilibrium of non-strange quarks and gluons,↓ evolution dominated by expansion and production of s and s¯;
Ts condition of chemical equilibrium of u,d and s quark flavors,
↓ expansion, dissociation by particle radiation;
Tf temperature at hadron-abundance freeze-out,↓ hadron rescattering, reequilibration; and
Ttf temperature at thermal freeze-out, Ttf = T (τ
exp).
We encounter a considerable decrease in temperature. The entropy content of an evolv-
ing isolated system must increase, and this is initially related to the increase in the num-
ber of particles within the fireball and later also due to the increase in volume. However,
in the later stages dominated by flow, the practical absence of viscosities in the quark–
gluon fluid implies that there is little additional production of entropy. The final entropy
content is close to the entropy content established in the earliest thermal stage of the
collision at t < τ0, despite a drop in temperature by as much as a factor of two under
current experimental RHIC conditions during the sequel evolution of the fireball.
Except for the unlikely scenario of a fireball not expanding, but suddenly disinte-
grating in the early stage, none of the temperatures discussed above corresponds to the
temperature one would read off the (inverse) slopes of particle spectra. In principle, the
freeze-out temperature determines the shape of emission and multiplicity of emitted par-
ticles. However, the freeze-out occurs within a local flow field of expanding matter and
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FIGURE 1. Strange particle spectra for Λ, Λ, and KS [7]. The line connecting the Λ and Λ spectra,
denoted R−1Λ , shows how at fixed m⊥ the ratio RΛ of abundances of these particles can be extracted.
Experimental WA85 results at 200A GeV [8, 9, 10].
the thermal spectrum is to be folded with the flow which imposes a Doppler-like shift of
Ttf: we observe a higher temperature than is actually locally present when particles de-
couple from flowing matter (kinetic or thermal freeze-out). The observable temperature
T⊥ is related to the intrinsic temperature of the source:
T⊥ ≃
1+~n ·~vtf√
1−~v2tf
Ttf →
√
1+ vtf
1− vtf
Ttf. (4)
This relation must be used with caution, since it does not apply in the same fashion to
all particles and has a precision rarely better than ±10%.
To check if thermalization (momentum equilibration) is established, we consider
momentum distributions in the direction transverse to the collision axis. Under a Lorentz
transformation along the collision axis, p⊥ remains unchanged and thus
m⊥ =
√
m2 +~p2⊥,
is invariant. Transverse mass m⊥-particle spectra are not directly distorted by flow
motion of the fireball matter along the collision axis, and also no further consideration
of the CM frame of reference is necessary, which in fixed target experiments is rapidly
moving with respect to a laboratory observer.
In order to study the thermal properties in the fireball as ‘reported’ by the emitted
particles, we analyze m⊥ spectra of many different hadrons. The range of m⊥, on the
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FIGURE 2. Inverse slopes T⊥ observed in Pb–Pb interactions at 158A GeV as function of particle
mass; symbols indicate the experiment from which data is drawn, as coded in the figure.
one hand, should not reach very large values, at which hadrons originating in hard parton
scattering are relevant. On the other hand, we do study relatively small m⊥, in order to
avoid the non-exponential structure associated with transverse matter flow and unstable
resonance decays.
The central-rapidity high-transverse-mass spectra of strange particles, K0s , Λ, and Λ,
given by the CERN–SPS WA85 collaboration [8, 9, 10], m−3/2⊥ dNi/dm⊥, are shown in
figure 1 on a semi-logarithmic display. The spectra can be fitted with a straight line.
Similar results were also reported from the related work of the WA94 collaboration for
S–S interactions [11]. We see, in figure 1, in the region of transverse masses presented,
1.5 GeV < m⊥ < 2.6 GeV, that the behaviors of all three different particles feature the
same inverse exponential slope, T⊥ = 232± 5 MeV. This is not the actual temperature
of the fireball, as noted in Eq. (4).
Presence of matter flow which generates the relatively high value of spectral slope
is also responsible for differences in the observed values of T⊥ for particles of widely
different mass such as pions, kaons and nucleons considered in a similar p⊥ interval.
This is illustrated in figure 2. A remarkable feature is that many strange baryons are
seen to have similar inverse slope, as is also seen in table 1.
2. CHEMICAL EQUILIBRIA
The average energy of each particle defines the local temperature T , good for all parti-
cles. A local chemical potentials σi need to be introduced for each kind of particle ‘i’ in
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TABLE 1. Inverse slopes T⊥ for various strange hadrons.
Λ Λ Ξ− Ξ+ Ω−+Ω+ φ
Pb–Pb 289± 2 287± 4 286± 9 284± 17 251± 19 305± 15
S–W 233± 3 232± 7 244± 12 238± 16
order to establish the particle density. We will see that it is often more convenient to use
particle fugacity,
ϒi ≡ eσi/T . (5)
The statistical parameters T and σi (or ϒi) express different types of equilibration
processes in the hadron matter fireball, and in general there is a considerable difference
in the time needed for the attainment of thermal and, respectively, chemical equilibrium.
The fugacity controls, independently of temperature, the yield of the particle species.
For Boltzmann statistics, the fugacity ϒi is multiplying the particle distribution, which
in local rest frame assumes the usual form,
d6Ni
d3pd3x = gi
ϒi
(2pi)3
e−Ei/T . (6)
For the Fermi/Bose quantum distributions the fugacity factor remains in front of the
exponential,
d6NF/Bi
d3 pd3x =
gi
(2pi)3
1
ϒ−1i e
Ei/T ±1 , (7)
The coefficient gi is the degeneracy of the particle considered, it comprises the intrinsic
properties such as spin and color of the particle.
The number of particles ‘i’ present is the result of momentum integral of the phase-
space distribution. Thus the yield of particles depends on both temperature and the
fugacity. However, fugacity practically does not control the shape of the momentum
distribution, and thus it is generally said that it can be chosen to produce the required
particle density, with temperature being the parameters determining the momentum
distribution.
The allowed range of the (always positive) fugacities is not restrained for Boltzmann
and Fermi particles. However for bosons, the condensation singularity of the distribution
cannot be crossed, which requires that
ϒi ≤ emi/T . (8)
As usual the Ei(p) > mi for all p and mi is the particle rest mass. Almost never the
exceptional value ϒi = 1 applies, with the exception of an chemically equilibrated gas
of particles (such as photons) which do not carry any charge, i.e., a conserved, discrete
quantum number.
As the number of particles evolves in a reaction, the fugacities usually change. For ex-
ample, we begin with small initial yield of strange quarks and antiquarks in a deconfined
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quark-gluon plasma. Subsequent reactions of the type,
GG→ ss¯, qq¯→ ss¯, (9)
increase the yield of pairs of strange quarks and if we could cook the hadronic matter
at a constant temperature T (thermal bath), than after some time known as the chemical
relaxation time, the yield of strange quarks and antiquarks would approach the chemical
equilibrium yields corresponding to the fugacity approaching unity,
ϒi=s(t) = ϒi=s¯(t)→ 1 . (10)
The important message here is that the particle fugacities are time dependent and can
evolve rapidly during the heavy-ion collision process. Description of the dynamical
evolution of the fugacity is one of the challenges we are facing in order to understand
the physics of hadronization.
Another important challenge which is arising, is due to the presence of two quite
different types of chemical equilibria.
• In relativistic reactions, particles can be made as energy is converted to matter.
Therefore, we can expect to approach slowly the absolute chemical equilibrium.
Absolute chemical equilibrium is hard to grasp intuitively, since our instincts are
distorted by the fact that a black body photon radiator is correctly assumed to be
in absolute chemical equilibrium on the time scale defined by a blink of an eye.
We characterize the approach to absolute chemical equilibrium by a fugacity factor
γi for particle ‘i’. We will evaluate the evolution of γi in the heavy-ion collision
reaction as a function of time. Given its physical meaning it is often referred to as
the phase-space occupancy.
• Relative chemical equilibration, the case commonly known in chemistry. It involves
reactions that distribute or maintain a certain already existent element among dif-
ferent accessible compounds. Use of chemical potentials associated with conserved
global properties, such as µb for baryon number, presupposes that the particular
relative chemical equilibrium is present. For example production of quarks in pairs
assures that there is always the same net flavor (thus baryon number) balance, and
hence the relative flavor equilibrium is maintained. The chemical potential of an-
tiparticles is in consequence the negative of that for particles, provided that we have
introduced appropriate γi to control the absolute yield of particle-antiparticle pairs.
In general the fugacity of each individual particle will comprise the two chemical
factors associated with the two different chemical equilibria. For example, let us look at
the nucleon, and the antinucleon:
ϒN = γNeµb/T , ϒN = γNe
−µb/T . (11)
Equivalently, we can keep separate chemical potentials for particles and antiparticles
[12, 13],
σN ≡ µb +T lnγN , σN ≡−µb +T lnγN . (12)
There is an obvious difference between the two chemical factors in Eq. (11): the
number of nucleon-antinucleon pairs is associated with the value of γN but not with µb.
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FIGURE 3. The production of strangeness in reactions of the type pi +N → K +Y in the HG phase.
Solid lines indicate the flow of light quarks and the disappearance of one q¯q pair, the dashed line is for the
added s¯s pair.
This can be seen looking at the first law of thermodynamics, in this context written as:
dE = −PdV +T dS+σN dN +σN dN
= −PdV +T dS+µb(dN−dN)+T lnγN(dN +dN). (13)
To obtain the second form we have employed Eq. (12). We see that µb is the energy
required to change the baryon number,
b≡ N−N,
by one unit, while the number of nucleon-antinucleon pairs,
2Npair ≡ N +N,
is related to γN . For γN = 1 the last term vanishes, at this point small fluctuation in
number of nucleon pairs does not influence the energy of the system, we are have reached
the absolute baryochemical equilibrium.
Presence of γN allows us to count and control within a theoretical description how
many pairs of nucleons are added. When γN → 1, we have as many as we would expect
in absolute chemical equilibrium, of course establishing chemical equilibrium for anti-
nucleons can take a long time. However, it is not uncommon to see in contemporary liter-
ature assumption of instantaneous absolute chemical equilibrium, γi → 1, with particles
‘instantaneously’ reaching their absolute chemical equilibrium abundances. The argu-
ment presented is that such a simple model ‘works’, as it is capable to describe widely
different particle yields qualitatively. This in fact is the observation which motivated
Hagedorn’s work. 40 years after, our foremost interest is to understand the deviations
from this, in order to unravel the mechanism by which such a surprising result can arise.
In order to better understand the difference between absolute and relative chemical
equilibrium, let us consider the abundance of strangeness in the baryon-rich hadronic
gas (HG) phase. There is little ‘strangeness’ initially, strangeness is made in collision
processes of the interacting hadronic matter. We begin far from absolute chemical-
strangeness equilibrium. To make ss¯ pairs in a HG phase, there are many possible
reactions, classified usually as the direct- and associate-production processes. In the
Non-equilibrium Hadrochemistry in QGP Hadronization November 17, 2018 9
s 
P 
K pi
Λ
0-
s 
FIGURE 4. An example of a strangeness-exchange reaction in the HG phase: K−+ p→Λ+pi0. Solid
lines, flow of u and d quarks; dashed line, exchange of an s quark between two hadrons.
associate production process, a pair of strange quarks is shared between two existent
hadrons, of which one is a baryon, typically a nucleon N, which becomes a hyperon Y:
pi +N ↔ K+Y.
This situation is illustrated in figure 3.
In a direct-production process, a pair of strangeness-carrying particles is formed
directly via annihilation of two mesons, adding a pair to the system:
pi +pi ↔ K+K.
Here, a pair of strange particles is made in the form of a pair of kaons, K+K−.
With these two reaction types alone it could be that populations of strange mesons and
baryons evolve differently. However, the meson carrier of the s quark, K−, can exchange
this quark, see figure 4, via fast exothermic reaction with a nucleon, forming a hyperon:
K−+N↔ pi +Y.
This reaction establishes relative chemical equilibrium between mesons and baryons by
being able to move the strange quark between these two different strangeness carriers,
sq¯ mesons and sqq baryons.
Reactions establishing the redistribution of existent flavor, or the abundance of some
other conserved quantity, play a different role from the reactions that actually contribute
to the formation of this flavor, or other quantum number, and facilitate the approach
to absolute chemical equilibrium. Accordingly, the time constants for relaxation are
different, since different types of reaction are involved.
Apart from the different relaxation times associated with the different types of ther-
mal and chemical equilibria, there are different time scales associated with the different
fundamental interactions involved. For example, the electro-magnetic interactions are
considerably slower at reaching equilibrium than are the strong interactions governing
the evolution of dense hadronic fireballs created in ultra-relativistic heavy-ion collisions.
All the important time constants for relaxation in heavy-ion collisions arise from differ-
ences in mechanisms operating within the realm of strong interactions. Therefore, the
separation of time scales is not as sharp as that between the different interactions, though
a clear hierarchy arises and we have presented it above.
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There are just a few chemical potentials which suffice in the study of hadronic matter.
It is convenient to use the quark flavor for this purpose, since there is a continuity in the
notation across the phase boundary of quark matter and hadronic matter. We thus use:
λu = eµu/T , λd = eµd/T , λs = eµs/T . (14)
Since more often than not the light flavors u,d remain indistinguishable one often uses:
µq =
1
2
(µu +µd), λ 2q = λuλu. (15)
Considering that three quarks make a baryon we also have
µb = 3µq, λb = λ 3q . (16)
It is important to remember that the three quark flavors u,d,s carry baryon number. Thus
when baryon density is evaluated this has to be appropriately allowed for, counting all
three quark densities. This can be easily forgotten for strangeness, considering the usual
definition of baryochemical potential, Eq. (16).
At this point, we recall the relationship of strange quark chemical potential and
strangeness chemical µS potential (as opposed to strange quark chemical potential µs):
µs =
1
3µb−µS, λs =
λq
λS
, (17)
which expresses the fact that strange quarks carry negative strangeness and one third
of baryon number. Consequently, hyperons have negative strangeness, antihyperons
positive strangeness, K−(u¯s) negative strangeness and thus it is called antikaon K, and
K+(us¯) has positive strangeness, and it is the kaon K. This nomenclature has an obvious
historical origin, when strangeness was first discovered, the s¯ containing K+ has been
the particle produced.
Using Eq. (17) in statistical formulation allows to evaluate baryon number and
strangeness by simply differentiating the grand canonical partition function Z :
Nb = λb
∂Z (β ,λb,λS)
∂λb
, NS = λS
∂Z (β ,λb,λS)
∂λS
, (18)
where as usual β = 1/T . Especially the computation of Nb is more cumbersome when
λi, i = u,d,s, is used.
On the other hand, we believe that the use of fugacities which follow the yield of
quarks, λi, i = u,d,s, is intuitive and easy in programing, mistakes are rather difficult to
make. Particle yields can be easily followed and checked, and thus errors and omissions
minimized. As an example, let us consider the ratio of a baryon and antibaryon with
strangeness and for reasons which will become obvious in a moment we choose to look
at the ratio Ξ−( ¯ds¯s¯)/Ξ−(dss). Given the quark content and ignoring isospin asymmetry
we find:
Ξ−
Ξ−
=
λ−2s λ−1q
λ 2s λq
= λ−4s λ−2q =
e2µS/T e−µb/T
e−2µS/T eµb/T
= e4 µS/T e−2µb/T . (19)
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Since all Ξ resonances which contribute to this ratio are symmetric for particles and
antiparticles, and possible weak interaction feed from Ω(s¯s¯s¯) and, respectively Ω(sss)
are small, these expressions are actually rather exactly giving the expected experimental
ratio.
When we check the results presented by [14], we find for the freeze-out parameters
stated there T = 174 MeV, µb = 46 MeV and µS = 13.6 MeV, a ratio Ξ−/Ξ− = 0.806,
which differs from the result Ξ−/Ξ− = 0.894 given. While the difference appears small,
when looked at in terms of the particle chemical potential this is a big effect: Considering
that the Cascades have baryon number b = 1 and strangeness S =−2, we expect that the
Ξ-chemical potential is µΞ|expected = µb−2µS = 18.8MeV. On the other hand given the
result seen in [14],
0.894 = Ξ
−
Ξ−
= e−2µΞ/T .
The particle chemical potential is µΞ|used = 9.75MeV. In order to approach using the
stated potentials the answer presented in [14], we can try to use another quark fugacity
definition,
Ξ−
Ξ−
∣∣∣∣∣
PBM
≡ λ
2
s λ−1q
λ−2s λq
= e
2
3 µb/T−4µS/T = 0.87. (20)
However, this redefinition is not consistent with the ratios of particles such as K−/K+
also seen in [14]. This example of a possible partial misunderstanding of the quantum
numbers associated with different hadrons illustrates the danger of using anything but
the (valance) quark fugacities in study of chemical properties of hadrons.
To complete the discussion of chemical potentials, we need to address the u–d asym-
metry which is only noticeable for Pb–Pb interactions at SPS. We complement Eq. (15)
by introducing
µI = µd −µu, λI =
λd
λu
≥ 1. (21)
In the last inequality, we show the constraint arising given that nuclei have in general a
greater neutron than proton number. The subscript I reminds us of isospin, we have also
used δ µ for µI in the past. A sensitive probe of λI is the ratio
pi−(u¯d)
pi+(u ¯d)
= λ 2I . (22)
At RHIC, for √sNN = 130 GeV, the outflow of projectile and target matter from the
central rapidity region leaves a very small ‘input’ isospin asymmetry: with a baryon
density per unit rapidity at dNb/dy ≃ 20, but hundreds of mesons made, the valance
quark asymmetry is negligible. However, at the top energy at SPS there is an effect
at the level of 2–4% percent, since baryon number is retained in the fireball and the
meson to baryon ratio is 8 times smaller, as measured in terms of the ratio of all negative
hadrons,
h− = pi−+K−+ p¯, (23)
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to baryon number. At SPS, we have h−/b ≃ 2, while at RHIC at √sNN = 130 GeV,
h−/b≃ 16.5, in both cases at central rapidity. We can estimate for SPS where λq = 1.6:
1.6 < λd < 1.66, 1.54 < λu < 1.6 .
The exact value of λd,λu depends on what form of matter (confined, deconfined) is the
source of particles produced, and the influence of gluon fragmentation into quark pairs.
The limiting values are found ignoring gluon fragmentation and evaluating the ratio of
of all down and up quarks in hot quark matter, where quark density is ρi ∝ µiT 2, i = u,d.
Thus we find ρd
ρu
= 1+δ = µdµu
, δ = n− p
n+2p
, (24)
where n(udd) and p(uud) are the neutron, and respectively, proton input into the quark
matter source. For heavy nuclei δ ≃ 0.156, and we find:
λd = λ
1
1−δ/2
q , λu = λ
1
1+δ/2
q . (25)
We now return to discuss further the characterization of chemical non-equilibrium.
When we study the approach to chemical equilibrium for different hadrons, we can use
three non-equilibrium parameters, γu,γd,γs, and equivalently, γ2q = γuγd . In quark matter,
these three factors express the approach to the expected chemical equilibrium yield by
the quark abundances. Upon hadronization quarks are redistributes among all individual
hadrons and the non-equilibrium abundances can be characterized by the same three
factors only, since in all hadron formation reactions only quark-antiquark pairs of the
same flavor can be formed. It is important to realize that even if there were no change
of the quark pair number in hadronization, the values of γu,γd,γs in hadron gas and
quark matter must differ since the phase spaces have different size as we shall discuss
further below. In general, we have to distinguish γQGPu ,γQGPd ,γ
QGP
s from γHGu ,γHGd ,γHGs .
Moreover, as noted these sets of parameters differ due to hadronization of gluons into
quark pairs.
We thus characterize the fugacities of all hadrons by six parameters. For baryons the
typical examples are (considering protons p(uud), antiprotons p¯(u¯u¯ ¯d), Λ(uds), Ω(s¯s¯s¯)
as examples):
ϒp = γ2u γd e
2µu+µd , ϒ p¯ = γ2u γd e
−2µu−µd , ϒΛ = γuγdγs e
µu+µd+µs , ϒΩ = γ
3
s e
−3µs . (26)
The yield of mesons follows the same pattern (considering pi+(u ¯d), pi−(u¯d), K−(u¯s),
φ(s¯s) as examples):
ϒpi+ = γuγd e
µu−µd , ϒpi− = γuγd e
−µu+µd , ϒK− = γuγs e
−µu+µs , ϒφ = γ2s . (27)
It is important to note that this approach assumes that the relative population of heavier
resonances is in chemical equilibrium with the lighter states, since we have the same
value of ϒ for all hadrons with the same valance quark content. For example ϒp = ϒ∆+ .
We thus realize that this approach solely focuses on the quark distribution and does not
allow for the possibility that heavier resonances may simply not be populated. This
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method thus is most suitable for a hadronizing quark matter fireball, and may miss
important features of a hadron fireball which never entered the deconfined phase. When
conditions are present which let us believe that the population of important heavier
resonance states such as ∆(qqq) could be suppressed beyond the thermal factor ∝ em∆/T
we have to restore a factor γ∆ < γ3q which allows for such suppression. As long as
this is not done, we in fact assume that the relative abundances of hadronic states of
same quark content are in chemical equilibrium. The following study of deviations from
chemical equilibrium is addressing a much more subtle question, namely how the overall
number of (valence) quarks compares to the hadron phase-space chemical equilibrium
expectations.
3. HOW NEAR TO CHEMICAL EQUILIBRIUM?
Is such a characterization of hadron abundances at all functioning, and is so, how close
are we actually to absolute chemical equilibrium in heavy-ion reactions? To answer this
question a systematic test was performed for the S–W/Pb 200A GeV experimental SPS
results [15]. Particle yields were fitted allowing progressively greater and greater degree
of chemical non-equilibrium. The results in table 2 show that the statistical significance
is increasing with progressively greater chemical ‘freedom’. Since the statistical signifi-
cance which can be reached is satisfactory, it appears that the quark counting suffices to
describe the yields of heavier hadron resonances.
We note, in the last raw in table 2, that while the yield of strangeness is still suppressed
as compared to expectations based on absolute chemical equilibrium, the number of light
quarks seen exceeds the count expected. Another way to say the same thing is that there
is pion excess, or alternatively, entropy excess [16, 17, 18]. In fact there is a maximum
value that γq can assume: consider again Eq. (7) for pions, assuming symmetry for u,d
quarks:
fpi ≡ d
6Npii
d3pd3x =
3
(2pi)3
1
γ−2q eEpi/T −1
. (28)
We see that for
γq → empi/2T = γcq , (29)
the Bose condensation becomes possible.
TABLE 2. Statistical parameters obtained from fits of data for S–
Au/W/Pb collisions at 200A GeV, without enforcing conservation of
strangeness [15].
λq λs γs γq χ2/dof
1.52 ± 0.02 1∗ 1∗ 1∗ 17
1.52 ± 0.02 0.97 ± 0.02 1∗ 1∗ 18
1.48 ± 0.02 1.01 ± 0.02 0.62 ± 0.02 1∗ 2.4
1.49 ± 0.02 1.00 ± 0.02 0.73 ± 0.02 1.22 ± 0.06 0.90
∗ denotes fixed (input) values
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FIGURE 5. Pion-gas properties N/V for particles, E/V for energy, and S/V for entropy density, as
functions of γq at T = 142 MeV.
The properties of the pion gas as function of γq are shown in figure 5, where the
entropy, energy and particle number is expressed in terms of the momentum distribution
function by:
S
V
=
∫
d3p[(1+ fpi) ln(1+ fpi)− fpi ln fpi ], (30)
E
V
=
∫
d3p
√
m2pi + p2 fpi , (31)
N
V
=
∫
d3p fpi . (32)
There is significant rise in entropy content as γq grows toward the singular value. Excess
entropy of a possibly color deconfined source can thus be squeezed in hadronization
into a hadron phase comprising an over saturated pion gas. Indeed, when we perform an
analysis of particles produced in the Pb–Pb 158A GeV reactions, as well as at RHIC, the
value γcq is always favored by a fit having a statistical significance [19].
When an analysis of the Pb–Pb collision system is performed allowing for quark
pair abundance chemical non-equilibrium, we find that the light quark phase-space
occupancy parameter γs prefers the maximum allowed γcq , and this is also the numerical
value preferred by the strange quark occupancy parameter γs. The freeze-out of particles
is found at T = 150 MeV. The velocity of (transverse) expansion vc (not further discussed
here) is at half velocity of light. These results were obtained fitting all particles shown
in table 3.
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TABLE 3. WA97 (top) and NA49 (bottom) Pb–Pb 158A GeV-
collision hadron ratios compared with phase-space fits.
Ratios Reference Experimental data Pb|s,γq Pb|γq
Ξ/Λ [20] 0.099 ± 0.008 0.096 0.095
Ξ/ ¯Λ [20] 0.203 ± 0.024 0.197 0.199
¯Λ/Λ [20] 0.124 ± 0.013 0.123 0.122
Ξ/Ξ [20] 0.255 ± 0.025 0.251 0.255
K+/K− [21] 1.800 ± 0.100 1.746 1.771
K−/pi− [22] 0.082 ± 0.012 0.082 0.080
K0s/b [23] 0.183 ± 0.027 0.192 0.195
h−/b [24] 1.970 ± 0.100 1.786 1.818
φ/K− [25] 0.145 ± 0.024 0.164 0.163
¯Λ/ p¯ y = 0 0.565 0.568
χ2 1.6 1.15
N; p; r 9; 4; 1 9; 5; 1
Due to their exceptional inverse slope, see figure 2, the yields of both Ω and Ω are
known, to follow different systematic behavior and have not been considered in this fit.
With the parameters here determined the yields of Ω are under predicted. This excess
yield originates at the lowest m⊥, as we shall discuss below, see figure 10. The ‘failure’
of a statistical-hadronization model to describe yields of soft Ω and Ω has several
possible explanations. One is the possibility that an enhancement in production of Ω
and Ω is caused by pre-clustering of strangeness in the deconfined phase [26]. This
would enhance the production of all multistrange hadrons, but most prominently the
highly phase-space-suppressed yields of Ω and Ω. This mechanism would work only if
pairing of strange quarks near to the phase transition were significant. Another possible
mechanism of Ω and Ω enhancement is the distillation of strangeness [27, 28], followed
by breakup of strangeletts (strangeness enriched quark drops) which could contribute to
production of Ω and Ω. The decay of disoriented chiral condensates has recently been
proposed as another source of soft Ω and Ω [29].
In view of these pre- and post-dictions of the anomalous yield of Ω and Ω, and
the difference in shape of particle spectra, we believe that one should abstain from
introducing these particles into statistical-hadronization-model fits. We note that the
early statistical descriptions of yields of Ω and Ω have not been sensitive to the problems
we described [30, 31]. In fact, as long as the parameter γq is not considered, it is not
possible to describe the experimental data at the level of precision that would allow
recognition of the excess yield of Ω and Ω within statistical hadronization model. For
example, a chemical-equilibrium fit, which includes the yield of Ω and Ω, has for 18
fitted data points with two parameters a χ2/dof = 37.8/16 [32]. Such a fit is quite
unlikely to contain all the physics, even if its appearance to the naked eye suggests
that a very good description of experimental data as been achieved.
We also see, in table 4, the yield of strangeness obtained in the fit of the final state
hadron phase-space, which with 0.7 strange pairs per baryon appears large. The question
we next consider is what we should have expected in hadronization of a deconfined quark
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TABLE 4. Upper section: the statistical model parameters
which best describe the experimental results for Pb–Pb data
seen in table 3. Bottom section: energy per entropy, anti-
strangeness, and net strangeness of the full hadron phase-space
characterized by these statistical parameters. In column two,
we fix λs by the requirement of conservation of strangeness.
Pb|s,γqv Pb|γqv
T [MeV] 151 ± 3 147.7 ± 5.6
vc 0.55 ± 0.05 0.52 ± 0.29
λq 1.617± 0.028 1.624 ± 0.029
λs 1.10∗ 1.094 ± 0.02
γq γcq∗ = empi/(2Tf) = 1.6 γcq∗ = empi/(2Tf) = 1.6
γs/γq 1.00 ± 0.06 1.00 ± 0.06
E/b [GeV] 4.0 4.1
s/b 0.70 ± 0.05 0.71 ± 0.05
E/S [MeV] 163 ± 1 160 ± 1
(s¯− s)/b 0∗ 0.04 ± 0.05
∗ indicates values resulting from constraints.
matter phase. We consider the ratio of the equilibrium density of strangeness, arising in
the Boltzmann-gas limit, to the baryon density in a fireball of quark–gluon plasma:
ρs
ρb
=
s
b =
s
q/3
=
γQGPs
γQGPq
(3/pi2)T 3W (ms/T )
2
3
(
µqT 2 +µ3q/pi2
) . (33)
W (x) = x2K2(x) defines in Boltzmann limit the equilibrium strange-quark density, with
gs = 6. We assume that to a first approximation, perturbative thermal QCD corrections,
cancel out in the ratio. For ms = 200 MeV and T = 150 MeV, we have
s
b ≃
γQGPs
γQGPq
0.7
lnλq +(lnλq)3/pi2
. (34)
The relative yield s/b is mainly dependent on the value of λq. In the approximation
considered, it is nearly temperature-independent, the result is shown in figure 6, as a
function of λq − 1 (the variable chosen to enlarge the interesting region λq → 1) for
γQGPs = γQGPq = 1. At the top SPS energy where λq → 1.5–1.6, we see that the equi-
librium yield is at 1.5 pairs of strange quarks per participating baryon. Considering the
experimental yield in table 4, we thus conclude γQGPs ∼ 0.5. Experimentally the directly
accessible observable is the occupancy of the hadron-strangeness phase-space and we
show in table 4, γHGs ≃ 1.6. This thus implies that in the hadronization of a presumed
QGP the smaller phase-space of hadrons is overpopulated by a QGP abundance, even
when it is originally in the QGP phase well below the equilibrium value.
The above analysis demonstrated the importance of the study of quark-pair abundance
chemical non-equilibrium features and how these are capable to refine our understanding
of the QGP formation and hadronization.
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FIGURE 6. The yield of strangeness per baryon as a function of λq in equilibrated quark–gluon plasma.
4. QGP AND CHEMICAL ANALYSIS
An interesting feature seen in table 2 is that the value of λs converges to unity. This
is not at all what could be expected for a equilibrated hadron gas. Namely, the value
of λs arises from the requirement of conservation of strangeness. Specifically the net
strangeness is given by,
0 = 〈ns〉−〈ns¯〉=
T 3
2pi2
[
(λsλ−1q −λ−1s λq)γsγqFK + (λsλ 2q −λ−1s λ−2q )γsγ2q FY
+2(λ 2s λq−λ−2s λ−1q )γ2s γqFΞ + 3(λ 3s −λ−3s )γ3s FΩ
]
, (35)
where we have employed the phase-space integrals for known hadrons,
FK = ∑
j
gK jW (mK j/T ); K j = K,K
∗,K∗2, . . ., m≤ 1780 MeV ,
FY = ∑
j
gYjW (mYj/T ); Yj = Λ,Σ,Σ(1385), . . ., m≤ 1940 MeV ,
FΞ = ∑
j
gΞ jW (mΞ j/T ); Ξ j = Ξ,Ξ(1530), . . ., m≤ 1950 MeV ,
FΩ = ∑
j
gΩ jW (mΩ j/T ); Ω j = Ω,Ω(2250) . (36)
The gi are the spin–isospin degeneracy factors, W (x) = x2K2(x), where K2 is the modi-
fied Bessel function.
In general, Eq. (35) must be equal to zero since strangeness is a conserved quantum
number with respect to the strong interactions, and no strangeness is brought into
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the reaction. The possible exception is dynamic evolution with asymmetric emission
of strange and antistrange hadrons [28]. Eq. (35) can be solved analytically when the
contribution of multistrange particles is small:
λs|0 = λq
√
FK + γqλ−3q FY
FK + γqλ 3q FY
. (37)
We thus see that except for a very exceptional point where the kaon and hyperon
strangeness phase-spaces for a given value of baryochemical properties are of same
magnitude, the value of λs will not be unity. One can of course force the hadron
multiplicity description to this value, but the prize one pays is a greatly reduced statistical
significance [32, 33], where chemical equilibrium has been assumed. We note that for
the value λs = 1, we can analytically solve Eq. (35), including the effect of multistrange
hadrons and obtain:
µb = 3T ln(x+
√
x2−1), 1≤ x = FK−2γsFΞ
2γqFY
. (38)
In what situation is the value λs → 1 natural? This value will arise when for all baryo-
chemical conditions the strange and antistrange quark numbers can balance indepen-
dently. This will in most cases be in the phase in which strange quarks can roam freely.
In this case we have instead of condition Eq. (35),
0= 〈ns〉−〈ns¯〉
=g
∫ d3 p
(2pi)3

 1
1+ γ−1s λ−1s exp
(√
p2+m2s
T
) − 1
1+ γ−1s λs exp
(√
p2+m2s
T
)

. (39)
We note the change in the power of λs between these two terms, and recognize that this
integral can vanish only for λs → 1.
There is potentially small but significant asymmetry in λs due to the Coulomb charge
present in baryon-rich quark matter: long-range electromagnetic potential VC 6= 0 influ-
ence strange and antistrange particles differently, and a slight deviation λs > 1 is needed
in order to compensate for this effect in the QGP phase. We have as generalization of
Eq. (39) [34],
0= 〈Ns〉−〈Ns¯〉
=g
∫
Rf
d3r d3p
V (2pi)3
(
1
1+ γ−1s λ−1s e(E(p)−
1
3VC(r))/T
− 1
1+ γ−1s λse(E(p)+
1
3VC(r))/T
)
, (40)
which clearly cannot vanish for VC 6= 0, in the limit λs → 1. The volume integral is here
over the fireball of size Rf. In the Boltzmann approximation one easily finds that
˜λs ≡ λsℓ1/3C = 1, ℓC ≡
∫
Rf
d3r eV/T∫
Rf
d3r . (41)
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ℓC < 1 expresses the Coulomb deformation of strange quark phase-space. ℓC is not a
fugacity that can be adjusted to satisfy a chemical condition, since consideration of
λi, i = u, d, s, exhausts all available chemical balance conditions for the abundances of
hadronic particles, and allows introduction of the fugacity associated with the Coulomb
charge of quarks and hadrons. Instead, ℓC characterizes the distortion of the phase-space
by the long-range Coulomb interaction. This Coulomb distortion of the quark phase-
space is naturally also present for u, d quarks, but appears less significant given that
λu and λq are empirically determined. On the other hand, this effect eliminates much
if not all the difference between µu and µd we have described above, since the quark
abundance asymmetry arises naturally due to Coulomb effect — said differently, the
Coulomb effect deforms the phase-space such that it is natural to have more d than u
quarks and thus the asymmetry between λd and λu is reduced.
Choosing T = 140 MeV and ms = 200 MeV, and noting that the value of γs is
practically irrelevant since this factor cancels out in the Boltzmann approximation we
find for Zf = 150 that the value λs = 1.10 is needed for Rf = 7.9 fm, whereas for S–
Au/W/Pb reactions, similar analysis leads to a value λs = 1.01. Chemical freeze-out at
higher temperature, e.g., T = 170 MeV, leads for λs = 1.10 to somewhat smaller radii,
which is consistent with the higher temperature used.
The fit of the Pb–Pb system seen in table 4 converged just to the value expected if
QGP were formed. However, accidentally for γq = γcq this happens also to be where in
hadronic gas strangeness balance is found. Thus in case of Pb–Pb the indication from
chemistry that a QGP has been formed arises mainly from the fact that a significant
entropy excess is available, (light quark-pair excess) and the strange quark-pair excess,
seen the relatively high value of γs ≃ γq in table 4. When compared to the yield expected
from QGP, this implies that γHGs /γQGPs ≃ 3. To better understand this, we compare the
phase-space of strangeness in quark–gluon plasma with that of the resulting hadronic
gas. The absolute strangeness yields must be the same in both phases. We perform the
comparison assuming that in a fast hadronization of QGP neither temperature T , nor the
baryochemical potential µb, nor the reaction volume have time to change, the difference
in the properties of the phases is absorbed in the change in the occupancy of phase-space,
γi in the two phases.
We relate the two phase-space occupancies in HG and QGP, by equating the
strangeness content in the two phases. One has to keep in mind that there is some addi-
tional production of strangeness due to gluon hadronization, however, this is not altering
the argument presented significantly. On canceling out the common normalization factor
T 3/(2pi2), we obtain
γQGPs V QGPgsW
( ms
T QGP
)
≃ γHGs V HG
(
γqλq
λs
FK+
γ2q
λ 2q λs
FY
)
. (42)
Here we have, without loss of generality, followed the s¯-carrying hadrons in the
hadronic gas phase-space, and we have omitted the contribution of multistrange an-
tibaryons for simplicity. We now use the condition that strangeness is conserved,
Eq. (37), to eliminate λs from Eq. (42), and obtain (making explicit which statistical
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FIGURE 7. The HG/QGP strangeness-occupancy γs ratio in sudden hadronization as a function of λq.
Solid lines, γHGq = 1; long-dashed lines, γHGq = 1.3; and short-dashed lines, γHGq = 1.6. Thin lines are for
T = 170 and thick lines for T = 150 MeV, for both phases.
parameter occurs in which phase)
γHGs
γQGPs
V HG
V QGP
=
gsW (ms/T QGP)√
(γqFK + γ2q λ−3q FY)(γqFK + γ2q λ 3q FY)
. (43)
This ratio is shown in figure 7, and the two lines of particular interest are the thin
solid line (chemical equilibrium γHGq = 1 with T = 170 MeV in hadronic gas phase),
and the short dashed thick line (γHGq = 1.6 at T = 150 MeV) which correspond to the
two hadronization scenarios which can be used to fit the SPS experimental results. We
see that, near to the established value λq ≃ 1.6, both yield a squeeze by factor 3 for the
ratio of the strangeness phase-space occupancies.
This result implies that hadronization of QGP is at SPS and RHIC accompanied by
an increase by factor three in the value of γs and thus it is most important to allow in the
study of particle yields for this of-equilibrium property, otherwise the tacit assumption
has been made that QGP has not been formed. If at RHIC conditions are reached in
which strangeness in QGP is closer to absolute chemical equilibrium, γQGPs → 1, even a
more significant overpopulation by strangeness of the hadronic gas phase would result,
γHGs → 3.
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5. THERMAL FREEZE-OUT AND SINGLE FREEZE-OUT
The non-equilibrium features introduced into the chemical analysis reduce the chemical
freeze-out temperature to values close to those expected for the thermal freeze-out, that
is when the spectral shape of particles freezes out after at a low particle density also
elastic hadron interactions cannot occur. One is thus tempted to ask the question if both
freeze-out conditions (chemical and thermal) are not actually one and the same. The
confirmation came when we found that the spectra and yields of hyperons, antihyperons
and kaons were very well described within this scenario. However, we could not publish
the results of a single freeze-out scenario at SPS [35], our scientific findings disagreed
with personal opinion of than associate editor of The Physical Review Letters, Herr
Ulrich Heinz. Our submission to PRL (dated March 8, 1999) occurred on the same
day as the submission to Physics Letters B of the two-freeze-out chemical equilibrium,
however this work was published [32], which as history has often shown makes a lot of
difference.
Despite this setback we proceeded to enlarge on our single-freeze-out sudden
hadronization picture for SPS, which in our opinion was strongly supported by many
experimental facts, and we could present these results at meetings [36]. Specifically, the
spectra of strange hadrons and anti-hadrons show universal slope, see figure 2, which
supports such a single freeze-out scenario decisively. The understanding of pion spectra
is very difficult since many (yet undiscovered) resonances contribute in a relevant
fashion, and the soft part of the spectrum is particularly prone to ‘deformation’ by
hadronization mechanisms and unknown matter flows [37]. Thus we report here on our
precise study of spectra of kaons and hyperons [38].
The final particle distribution is composed of directly produced particles and decay
products of heavier hadronic resonances:
dNX
dm⊥
=
dNX
dm⊥
∣∣∣∣
direct
+ ∑
∀R→X+2+···
dNX
dm⊥
∣∣∣∣
R→X+2+···
. (44)
R(M,MT ,Y )→ X(m,mT ,y)+2(m2)+ · · ·, where we indicate by the arguments that only
for the decay particle X we keep the information about the shape of the momentum
spectrum.
In detail, the decay contribution to yield of X is:
dNX
dm2⊥dy
=
grb
4pi p∗
∫ Y+
Y−
dY
∫ MT+
MT−
dM2T
M√
P2T p2T −{ME∗−MT mT cosh∆Y}2
d2NR
dM2T dY
,
(45)
We have used ∆Y =Y −y, and √s is the combined invariant mass of the decay products
other than particle X and E∗ = (M2−m2 −m22)/2M, p∗ =
√
E∗2−m2 are the energy,
and momentum, of the decay particle X in the rest frame of its parent. The limits on the
integration are the maximum values accessible to the decay product X :
Y± =y± sinh−1
(
p∗
mT
)
, MT± = M
E∗mT cosh∆Y ± pT
√
p∗2−m2T sinh2 ∆Y
m2T sinh
2 ∆Y +m2
.
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The theoretical primary particle spectra (both those directly produced and parents of
decay products) are derived from the Boltzmann distribution by Lorenz-transforming
from a flowing intrinsic fluid element to the CM-frame, and integrating over allowed
angles between particle direction and local flow.
We introduce in the current analysis two velocities: a local flow velocity v of the fire-
ball matter where from particles emerge, and hadronization surface (breakup) velocity
which we refer to as v−1f ≡ dtf/dxf. Particle production is controlled by the effective
volume element, which comprises this quantity. In detail:
dSµ pµ = dω
(
1−~v
−1
f ·~p
E
)
, dω ≡ d
3xd3 p
(2pi)3
. (46)
The Boltzmann distribution we adapt has thus the form
d2N
dmT dy
∝
(
1−~v
−1
f ·~p
E
)
γ mT coshye
−γ ET
(
1−~v·~pE
)
, (47)
where γ = 1/
√
1− v2 . The normalization for each hadron type h = X ,R is Nh =
VQGP ∏ni∈h λiγi. We use the chemical parameters λi and γi, i = q,s, as obtained in the
chemical analysis.
The experimental data we consider are published m⊥ distribution [39], with additional
information obtained about absolute normalization. This allowed us to perform the
spectral shape analysis together with yield analysis, which indicates that the reaction
volume is increasing as expected with the centrality of the reaction. This said, we will
only focus here on the question if the shape of the spectra is consistent with the chemical
freeze-out condition [38]. The best fit to the spectra in fact produces the temperature and
transverse velocity in excellent agreement with those inferred from chemical analysis
we have discussed above.
We show, in figure 8, the parameters determining the shape of the m⊥ distributions,
that is T,v,vf, as function of the centrality for scattering bin 1, 2, 3, 4 with the most
central bin being 4. The horizontal lines delineate range of result of the chemical
analysis.
There is no indication of a significant, or systematic, change of T with centrality. This
is consistent with the believe that the physics we are considering arises in all centrality
bins explored by the experiment WA97 in Pb–Pb reactions at 158A GeV, i.e., for the
number of participants greater than 60. Only most peripheral interactions produce a
change in the pattern of strange hadron production [40, 41], and we are anticipating
with deep interest the more peripheral hyperon spectra which should become available
from experiment NA57. The magnitudes of the collective expansion velocity v and the
break-up (hadronization) speed parameter vf also do not show dependence on centrality,
though within the experimental error, one could argue inspecting figure 8 (right) that
there is systematic increase in transverse flow velocity v with centrality and thus size of
the system. Such an increase is expected, since the more central events comprise greater
volume of matter, which allows more time for development of the flow. Interestingly, it
is in v, and not in T , that the slight change of spectral slopes noted in the presentation of
the experimental data [39] is found.
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FIGURE 8. The thermal freeze-out temperature T (left), flow velocity v (bottom right), and breakup
(hadronization hyper-surface-propagation) velocity vf (top right) for various collision-centrality bins. The
upper limit vf = 1 (dashed line) and chemical-freeze-out-analysis limits for v (solid lines) are also shown.
For the temperature, results obtained with increased error for kaon spectra are also shown.
The value of the beak-up (hadronization) speed parameter vf shown in the top portion(right) of figure 8 is near to velocity of light which is consistent with the picture of a
sudden breakup of the fireball. This hadronization surface velocity vf was in the chemical
fit fixed to be equal to v, as there was not enough sensitivity in purely chemical fit to
determine the value of vf.
It is important to explicitly check how well the particle m⊥-spectra are reproduced.
We group all centrality bin spectra and show, in figure 9, Λ, Λ, Ξ and Ξ. Overall, the
description of the shape of the hyperon spectra is very satisfactory. In figure 10 on left
we see for the four centrality bins the spectra for the sum Ω+Ω. The two lowest m⊥ data
points are systematically under predicted. Some deviation at high m⊥ may be attributable
to acceptance uncertainties, also seen in the the Ξ results. This low m⊥ enhancement of
Ω+Ω is at the origin of the low value of the inverse slope and the associated excess
of Ω,Ω compared to the chemical freeze-out analysis. Unlike with chemical analysis
where the Ω,Ω have been omitted, the relatively large statistical errors allowed us to
include the Ω-spectra in the fit procedure, which is dominated by the other hyperons
and kaons. This allows to see how the deviation from the systematics established by
other hyperons and kaons is arising. In fact the low m⊥-bins of the Ω+Ω experimental
spectrum with experimental yield excess at 1–2 s.d. translate into 3 s.d. deviations from
the yields generated in the chemical analysis.
For kaons K0 (figure 10 on right) the statistical errors are very small, and we find in a
more in depth statistical analysis that they must be smaller than the systematic errors not
considered. For this reason we have presented earlier in figure 8 results for temperatures
obtained with both statistical, and 5 times greater than statistical error for kaons. This
increased value was used in the fit with objective to asses the influence of the unknown
systematic error. The stability of the result implies that statistically precise kaons do not
overwhelm the fit procedure of hyperons, and/or that the hyperon and kaon results are
consistent with the model employed.
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FIGURE 9. Thermal analysis mT spectra: Λ (top left), Λ (top right) Ξ (bottom left), Ξ (bottom right).
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FIGURE 10. Thermal analysis mT spectra: Ω+Ω (left) and Ks (right).
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Overall, we see that the description of kaon and hyperon spectra with the parameters
obtained in chemical freeze-out analysis if possible, indeed we conclude from the above
study that the thermal analysis is proving the conclusion that both thermal and chemical
freeze-out occur at the same condition of temperature and transverse velocity, as one
would expect in sudden break up of a deconfined supercooled quark–gluon plasma.
Strange hadrons at SPS originate in single freeze-out reaction.
6. RHIC-130 HADRON ABUNDANCE ANALYSIS, ROUND IIB
The strangeness yield observed in 158–200A GeV reactions corresponds to O(0.7)-ss¯-
pairs of quarks per participant baryon. We estimate that this is corresponding to 50%
QGP phase-space occupancy, thus considerably more extreme results on strangeness
can arise at RHIC and with it greater anomalies in strange baryon and antibaryon en-
hancement. The experimental STAR and PHENIX collaboration results considered here
were obtained at√sNN = 130 GeV in the central-rapidity region, for the most central (5–
7%) collision reactions. The particle production results available as of QM2002 meeting
(Nantes, July 2002) allow a rather good understanding of the physical conditions estab-
lished at the chemical hadron freeze-out at RHIC, and we use the opportunity to update
our analysis.
Due to the approximate longitudinal scaling for the central rapidity results the effects
of longitudinal flow at central rapidity cancels out and we can evaluate the full phase-
space yields in order to obtain particle ratios. In our following analysis, we do not include
natural results such as pi+/pi− = 1, which can be expected since the large hadron yield
combined with the flow of baryon isospin asymmetry toward the fragmentation rapidity
region assures this result to within a great precision, as we have discussed in section 2.
We also do not fit the results for K∗ and K∗ since the reconstructed yields depend on the
degree of rescattering of resonance decay products [42]. We consider here 19 particle
ratios seen in table 5. We favor consideration of particle ratios, since this allows us to
combine ratios from different experiments with slightly different trigger conditions, and
reduces systematic errors. We have used published experimental ratios and also formed
ratios of rapidity densities reported by one and the same experiment.
We present in table 5 in three last columns the results for both chemical equilibrium
(last column) and non-equilibrium fits, i.e. in the letter case we fix the chemical parame-
ters to their equilibrium value. We observe a considerable improvement in the statistical
significance of the results of chemical non-equilibrium fits (see bottom line), as we have
seen in our related earlier RHIC work [43, 44], in consistency with the situation at SPS.
Next to the fitted results, we show in parenthesis the contribution to the error (χ2) for
each entry. We consider only statistical errors for the experimental results, since much of
the systematic error should cancel in the particle ratios. However, we do not allow, when
pion multiplicity is considered, that errors are smaller than≃ 8%, which is our estimated
error in the theoretical evaluation of the pion yield due to incomplete understanding of
the high mass hadron resonances. Some of the experimental results are thus shown with
a theoretical error. When such an enlargement of the experimental error is introduced, a
dagger as superscript appears in second column in table 5 below.
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TABLE 5. Fits of central-rapidity hadron ratios at √sNN = 130 GeV. Top section: experimental
results, followed in middle by chemical parameters (results of fits), and the physical properties of
the phase-space obtained from evaluation of final state hadron phase-space, and the fitting error.
Columns: ratio considered, data value with reference, the non-equilibrium fit with 100% Ξ → Y
cascading ( fΞ = 1) and 40% Y → N ( fΛ = 0.4), the non-equilibrium fit with 40% Ξ → Y and 40%
Y → N, and in the last column, the chemical equilibrium fit with 40% cascading . The superscript
∗ indicates quantities fixed by constrains and related considerations. The superscript † indicates the
error is dominated by theoretical considerations. Subscripts Ξ,Λ mean that these values include weak
cascading. In parenthesis we show the contribution of the particular result to the total χ2.
100% Ξ→ Y 40% Ξ→ Y 40% Ξ→ Y
Data Ref. 40% Y → N 40%Y → N 40%Y → N
p¯/p 0.71 ± 0.06 [45] 0.672(0.4) 0.678(0.3) 0.689(0.1)
ΛΞ/ΛΞ 0.71 ± 0.04 [46] 0.759(1.0) 0.748(0.9) 0.757(1.4)
Ξ/Ξ 0.83 ± 0.08 [47] 0.794(0.2) 0.804(0.1) 0.816(0.0)
K−/K+ 0.87 ± 0.07 [48] 0.925(0.6) 0.924(0.6) 0.934(0.8)
K−/pi± 0.15 ± 0.02† [48] 0.159(0.2) 0.161(0.3) 0.150(0.0)
K+/pi± 0.17 ± 0.02† [48] 0.172(0.0) 0.174(0.1) 0.161(0.2)
ΛΞ/h− 0.059± 0.004† [46] 0.057(0.3) 0.050(5.1) 0.045(11.9)
ΛΞ/h− 0.042± 0.004† [46] 0.043(0.0) 0.037(1.3) 0.034(3.8)
ΛΞ/p 0.90 ± 0.12 [45] 0.832(0.3) 0.691(3.0) 0.491(11.6)
ΛΞ/ p¯ 0.93 ± 0.19 [45] 0.929(0.0) 0.763(0.8) 0.539(4.2)
pi±/pΛ 9.5 ± 2 [48] 9.4(0.0) 9.2(0.5) 7.6(22.8)
pi±/ p¯Λ 13.4 ± 2.5 [48] 13.7(0.1) 13.4(0.0) 10.9(7.9)
Ξ−/pi 0.0088±0.0008† [47, 49] 0.0096(1.0) 0.0103(3.6) 0.0067(7.1)
Ξ−/h− 0.0085±0.0015 [47, 49] 0.0079(0.1) 0.0084(0.0) 0.0054(4.3)
Ξ−/h− 0.0070±0.001 [47, 49] 0.0063(0.5) 0.0068(0.1) 0.0044(6.7)
Ξ−/Λ 0.193±0.009 [49] 0.195(0.1) 0.196(0.1) 0.132(45.2)
Ξ−/Λ 0.221±0.011 [49] 0.213(0.6) 0.214(0.4) 0.144(48.7)
Ω/Ξ− 0.205 0.21 0.18
Ω/Ξ− 0.22 0.23 0.20
Ω/Ω 0.95±0.1 [49] 0.87(0.7) 0.88(0.5) 0.89(0.4)
p¯/h− 0.046 0.049 0.063
φ/K− 0.15±0.03 [49] 0.178(0.9) 0.185(1.3) 0.146(0.0)
T 140.1± 1.1 142.3± 1.2 164.3± 2.2
γHGq 1.64∗ 1.63∗ 1∗
λq 1.070 ± 0.008 1.0685 ± 0.008 1.065 ± 0.008
µb [MeV] 28.4 28.3 31.0
γHGs /γHGq 1.54 ± 0.04 1.54 ± 0.0.04 1∗
λs 1.0136∗ 1.0216∗ 1.0196∗
µS [MeV] 6.1 6.4 7.1
E/b [GeV] 35.0 34.6 34.8
s/b 9.75 9.7 7.2
S/b 234.8 230.5 245.7
E/S [MeV] 148.9 150.9 141.5
χ2/dof 7.1/(19− 3) 19/(19− 3) 177.2/(19− 2)
As is today well understood, the high yields of hyperons require significant correc-
tions for unresolved weak decays. Some experimental results are already corrected in
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this fashion: the weak cascading corrections were applied to the most recent p and p¯
results by the PHENIX collaboration [45], and in the Ξ/Λ and Ξ/Λ ratio of the STAR
collaboration we use here [47, 49]. However, some of the results we consider are not yet
corrected [48, 46], and are indicated in the first column in table 5 by a subscript Λ or Ξ.
The subscript Λ means that the cascading of hyperons into nucleons has to be included
while fitting the particle ratio considered, and we have found that a 35-40% cascading
( fΛ = 0.35-0.4) is as expected favored by the fits of pion to nucleon ratio. Similarly, the
subscript Ξ indicates that the Ξ cascading into single strange hyperons Y = Σ,Λ was also
not corrected for in the considered result. Here we find empirically that full acceptance
of the Cascades into singly strange hyperons is favored, again by both equilibrium and
non-equilibrium fits ( fΞ → 1). We also include in the Ξ and Λ yield with the appropriate
branching the weak decay of Ω, with the experimental acceptance fraction being the
same as in the decay of Ξ ( fΩ = fΞ).
In other words, in the results shown in table 5, the hyperon yields are:
ΛΞ = Λth +Σ
0
th + fΞ(2Ξ−th +Ωth), ΛΞ = Λth +Σ
0
th + fΞ(2Ξ−th +Ω
−
th);
pΛ = pth + fΛ0.77ΛΞ, p¯Λ = p¯th + fΛ0.77ΛΞ;
Ξ− = Ξ−th +0.08Ω
−
th, Ξ− = Ξ−th +0.086Ω
−
th.
Here subscript ‘th’ indicates statistical model yields. The factor ‘2’ preceding Ξ−th,Ξ−th
allows for the decay of Ξ0,Ξ0 which are assumed to be equally abundant. However, there
is considerable isospin asymmetry in the decay pattern, and the branching ratio weight
0.77 arises as follows: 64% of Λ and 51.6% of Σ+ decay to protons. Statistical model
evaluation shows that Σ+ (the only isospin channel decaying into p, p¯) are produced at
the level of 25% of Λ+Σ0 (which one usually calls Λ), considering within the statistical
model that a significant fraction of all Λ originates in the Σ∗(1385) resonance.
Below the fit results we show the statistical parameters which are related to each fit.
The results shown in the table 5 are obtained minimizing in the space of 3 parameters:
the chemical freeze-out temperature T , and 2 chemical parameters λq,γs, the value of
γq is set at its maximal value γ2q = γcq2 = empi/T and the value of λs is derived from the
strangeness conservation constraint. We note that even without this requirement the fit
converges to local strangeness neutrality within a few percent.
In table 5 the last column presents the results of chemical equilibrium fit with 40%
cascading. We note that several particle yileds are not properly described and hence
a large χ2 results. However, on a logarithmic scale only results involving Λ,Λ would
be clearly visible as a discrepancy. The second and third last column show result of
chemical non-equilibrium fit, the second last with 40% cascading which yields a good
fit, and the third last with an increased 100% acceptance for the Ξ-cascading gives the
smallest χ2, and has a very high confidence level.
Our current results, when compared to our earlier effort [43, 44] show a 7% reduction
in the freeze-out temperature both for equilibrium and non-equilibrium case. Such lower
T reduces selectively the relative yield of baryons. The required level of proton and hy-
peron yields are now reached at lower temperature due to the introduction of strange
baryon weak cascading, or respectively, of experimental results which are corrected for
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cascading. The range of temperature now seen agrees better with the expectations we
had considering the effect of the fast expansion of QGP [50]. The chemical equilibrium
freeze-out temperature, T = 164 MeV, is in agreement with results of chemical equilib-
rium single freeze-out model of Broniowski and Florkowski [51, 52]. We believe that
the case for single freeze-out particle production at RHIC will be statistically stronger
with introduction of chemical non-equilibrium. We have seen this happen in section 5
for the SPS results.
Returning to discuss results seen in the bottom of table 5 we note that the specific
strangeness content s/b ≃ 10 in chemical non-equilibrium fits is 35% greater than the
chemical equilibrium result. This originates in γs/γq ≃ 1.5 (i.e. γs ≃ 2.5). Figure 6 ahows
that the chemically equilibrated QGP phase-space has 10-14 pairs of strange quarks
per baryon at 1.062 < λq < 1.078. This implies that at RHIC-130 we have γQGPs ≃
0.85±0.15. This in turn theoretically implies that γHGs ≃3(0.85±0.15) = 2.5±5 given
the enhancement of the HG phase space occupancy by a factor three seen in figure 7.
Thus the specific yield of strangeness and strangeness occupancy we measure in the HG
after hadronization is consistent with QGP properties with nearly saturated strangeness
phase space. Even so, a further enhancement of γs can be expected in the 200 GeV RHIC
run.
Once the comparison N-N experimental results will become available, the enhance-
ment of the production of multistrange baryons by this extraordinary strangeness abun-
dance must exceed the high values seen at SPS by a factor (1.5-2.5)ns, where ns is
strangeness content of the hadron. An enhancement by a factor 50–300 of the Ξ, Ξ, Ω, Ω
yields is difficult to explain without new physics, and is natural for the fast hadronizing
baryonpoor QGP phase.
In closing we would like to emphasize that the chemical non-equilibrium description
of hadronization process is statistically highly favored at SPS and RHIC. Both the
particle spectra and the HBT measurement of space-time size are favoring the sudden
hadronization of a relatively small, short lived and rapidly expanding matter fireball,
which reaction picture necessitates presence of chemical non-equilibrium. We hope that
the reader who studies this report gains further the impression that a non-equilibrium
chemical analysis of heavy-ion particle yields offers profound insight into the physical
properties of the dense hadronic matter formed in the relativistic heavy-ion collisions.
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